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Abstract
Flavor-exotic tetraquark mesons have recently been observed in the heavy-quark pair sectors
of QCD, including two isospin multiplets in the bb¯ sector, Zb(10610) and Zb(10650), and one
isospin multiplet in the cc¯ sector, Zc(3900). We identify Zb and Zc as tetraquark mesons that
are analogs of quarkonium hybrids with the gluon field replaced by an isospin-1 excitation of the
light-quark fields. Given the identification of Y (4260) and Zc(3900) as a ground-state charmonium
hybrid and tetraquark, respectively, lattice QCD calculations of the charmonium spectrum can be
used to estimate the masses of the lowest four spin-symmetry multiplets of charmonium hybrids
and tetraquarks. The Zb(10610) and Zb(10650) can be assigned to excited-state multiplets of
bottomonium tetraquarks, resulting in estimates of the masses of the ground-state multiplets of
bottomonium hybrids and tetraquarks.
PACS numbers: 14.40.Pq,14.40.Rt,12.38.-t
Keywords: Heavy quarkonia, exotic mesons, hybrid mesons, multiquark mesons
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One of the most basic problems of Quantum Chromodynamics (QCD) is to identify all the
clusters of quarks, antiquarks, and gluons that are sufficiently bound by QCD interactions
that they are either stable particles or sufficiently long-lived to be observed as resonances.
The simplest bound clusters are baryons, which consist of three quarks (qqq), and ordinary
mesons, which consist of a single quark and antiquark (qq¯). The Review of Particle Prop-
erties lists dozens of baryons that are well established, hundreds of mesons that are well
established, and many more resonances that are less well established [1]. The most general
meson allowed by QCD is a cluster whose constituents consist of equally many quarks and
antiquarks and possibly also gluons (g). An exotic meson has constituents that are not qq¯.
Two of the simplest types of exotic mesons are hybrids (qq¯g) and tetraquarks (qqq¯q¯). A
manifestly exotic meson has quantum numbers that are incompatible with qq¯. A meson is
spin-exotic if its JPC quantum numbers are in the sequence 0−−, 0+−, 1−+, 2+−, 3−+, . . . .
(Here and below, a bold-face J indicates exotic quantum numbers.) A meson is flavor-exotic
if its flavor quantum numbers are incompatible with qq¯. Until recently, no manifestly exotic
mesons had been definitively identified.
The first definite discoveries of manifestly exotic mesons have come only in the last couple
of years. Surprisingly, they have come in sectors of QCD that were believed to be the best
understood: namely, the sectors containing a heavy quark and antiquark (QQ¯), where Q
can be a charm quark (c) or a bottom quark (b). In October 2011, the Belle collaboration
announced the discovery of flavor-exotic tetraquark mesons Z+b (10610) and Z
+
b (10650) whose
constituents are bb¯ud¯ [2]. (Their energies in MeV are given in parentheses). Their widths
are about 10 MeV and 20 MeV, respectively [2]. They were discovered through their decays
into bottomonium and a pion: Υ(nS) pi+, n = 1, 2, 3, and hb(nP ) pi
+, n = 1, 2. The neutral
member Z0b (10610) of one of the isospin multiplets (Z
−
b , Z
0
b , Z
+
b ) has also been observed
[3]. These states have isospin and G-parity IG = 1+ and their preferred spin and parity
are JP = 1+ [4]. In March 2013, the BESIII collaboration announced the discovery of a
flavor-exotic tetraquark meson Z+c (3900) whose constituents are cc¯ud¯ [5]. It was discovered
through its decay into J/ψ pi+. The existence of the Z+c (3900) was confirmed by the Belle
collaboration [6] and by an analysis of data from the CLEOc collaboration [7]. The latter
analysis provided evidence for the neutral member Z0c (3900) of the (Z
−
c , Z
0
c , Z
+
c ) multiplet.
The measurements in Refs. [5, 6] determine the mass of the Zc(3900) to be 3897 ± 5 MeV
and its width to be 51± 18 MeV.
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The constituents of the tetraquark mesons Zb and Zc are clearly revealed by their decay
products. However the structure of these mesons is an open question. The possibilities that
were proposed for Zc in the first two weeks after the announcement of its discovery include
a cusp in D∗D¯ scattering [8], a charm-meson molecule consisting of D∗ and D¯ [9–15], a
tetraquark consisting of cu and c¯d¯ diquarks [11, 14], and hadrocharmonium consisting of ud¯
bound to a color-singlet cc¯ core [13, 14]. Many more possibilities for Zb have been proposed.
These models are all inherently phenomenological, making little direct contact with QCD.
In particular, they are not easily verified through nonperturbative calculations using lattice
QCD. In this Letter, I point out compelling candidates for the Zb and Zc that can be
confirmed using lattice gauge theory. I propose that they are analogs of quarkonium hybrids
with the excitation of the gluon field replaced by an isospin-1 excitation of the light-quark
fields.
We begin by discussing quarkonium hybrids. Their existence in QCD without light
quarks was demonstrated convincingly by Juge, Kuti, and Morningstar using the Born-
Oppenheimer approximation in which the Q and Q¯ move slowly in response to the gluon field
produced by static external sources [16]. They used lattice QCD without quarks to calculate
the Born-Oppenheimer potentials defined by the energy of the gluon field in the presence
of a color-triplet source and a color-antitriplet source separated by a distance R. Ordinary
quarkonia correspond to bound states of Q and Q¯ in the Born-Oppenheimer potential for
the ground state of the gluon field, which is labelled Σ+g . The bound states in this potential
form spin-symmetry multiplets: S-wave multiplets with JPC quantum numbers {0−+, 1−−},
P -wave multiplets {1+−, (0, 1, 2)++}, D-wave multiplets {2+−, (1, 2, 3)++}, etc. Quarkonium
hybrids correspond to bound states of Q and Q¯ in Born-Oppenheimer potentials for excited
states of the gluon field. The lowest excited Born-Oppenheimer potentials are labeled Πu
and Σ−u . The Πu potential is lower for R > 0 and it has a minimum near 0.3 fm [16].
The lowest bound states in the Πu potential form a P -wave supermultiplet consisting of
two spin-symmetry multiplets, H0 = {1
−−, (0, 1, 2)−+} and H1 = {1
++, (0, 1, 2)+−}. The
degeneracy between these two multiplets is broken by the coupling between the orbital
angular momentum of the heavy quarks and the angular momentum of the gluon field. The
spin-symmetry multiplets with the next lowest energies include H2 = {0
++, 1+−}, which
are S-wave bound states in the Σ−u potential, and {1
−−, (0, 1, 2)−+}, which are radially
excited P -wave bound states in the Πu potential. Juge, Kuti, and Morningstar used lattice
3
NRQCD with bottom quarks but without light quarks to calculate the energies of the lowest
bottomonium hybrids [16].
For QCD with light quarks, the calculation of excited Born-Oppenheimer potentials for
a heavy quark and antiquark is complicated by instabilities [17]. For small separation R of
the Q and Q¯ sources, there is an instability with respect to a transition to the ground-state
potential Σ+g through the emission of two light mesons, such as pi
+pi−. For large R, there
can be an instability with respect to decay into a pair of heavy mesons corresponding to a
light antiquark and quark localized near the Q and Q¯ sources, respectively. If the transition
rates for these instabilities are sufficiently small, it may still be possible to define Born-
Oppenheimer potentials as almost stationary energy levels of light-quark and gluon fields
in the presence of static Q and Q¯ sources. Quarkonium hybrids would be bound states in
excited Born-Oppenheimer potentials with flavor-singlet quantum numbers. Quarkonium
tetraquarks would be bound states in Born-Oppenheimer potentials with nontrivial flavor
quantum numbers. The calculation of the tetraquark Born-Oppenheimer potentials is a
challenging problem for lattice QCD.
In the case of QCD with charm quarks and light quarks, the spectrum of charmonium
hybrids can be calculated directly using lattice gauge theory. Exploratory calculations of the
spectrum of charmonium and charmonium hybrids above the charm-meson pair threshold
have been carried out by Dudek, Richards, and Thomas [18] and extended by the Hadron
Spectrum Collaboration [19]. Since the calculations were carried out at a single lattice spac-
ing and with u and d quark masses that correspond to a pion mass of about 400 MeV,
the systematic errors could not be quantified. The lowest charmonium hybrids in the cal-
culations of Ref. [19] form the multiplet H0. Their quantum numbers coincide with those
for an S-wave cc¯ pair and an excitation of the gluon field with quantum numbers 1+−,
which corresponds to a constituent gluon in a P -wave state. There were also charmonium
hybrid candidates corresponding to all members of a supermultiplet consisting of three spin-
symmetry multiplets: H1, H2, and H3 = {2
++, (1, 2, 3)+−} [19]. Their quantum numbers
coincide with those for a P -wave cc¯ pair and an excitation of the gluon field with quantum
numbers 1+−. This supermultiplet has been predicted to be the first excited multiplet for
hybrids containing light quarks [20].
The results of Ref. [19] are compatible with the identification of Y (4260) as the lowest
1−− charmonium hybrid. The Y (4260) was discovered by the Babar collaboration in 2005
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[21] through its decay into J/ψ pi+pi−. It is a plausible candidate for a charmonium hybrid,
because it is produced so weakly in e+e− annihilation that the peak of the resonance is
near a local minimum of the hadronic cross section. The small production rate in e+e−
annihilation is a consequence of the small wavefunction for cc¯ at the origin. Annihilation
decays into light hadrons are also suppressed by the small wavefunction for cc¯ at the origin.
One model-independent prediction for decays of a hybrid is that decay into a pair of S-wave
mesons is suppressed [22, 23]. The dominant decays of charmonium hybrids are therefore
expected to be into an S-wave and P -wave charm-meson pair, provided these states are
kinematically accessible. The center of the Y (4260) resonance is about 20 MeV below the
threshold for D1D¯ and about 80 MeV above the threshold for D
∗
0D¯, but the latter decay
mode is suppressed by a D-wave coupling. Transition decays into charmonium plus light
hadrons are also expected to have some suppression from the small overlap between the cc¯
wavefunctions for charmonium hybrids and charmonium. Until the discovery of Zc, the only
decay modes of Y (4260) that were observed were the discovery mode J/ψ pi+pi− [21] and the
two additional hadronic transition modes J/ψ pi0pi0 and J/ψK+K− [24]. The unexpectedly
large branching fraction for two-pion transitions to J/ψ was an obstacle to the definitive
identification of the Y (4260) as a charmonium hybrid. The discovery of the Zc(3900) has
removed that obstacle by providing the new decay mode into Zcpi, which contributes to
J/ψ pipi through the subsequent decay Zc → J/ψ pi.
Having identified the Y (4260) as the lowest 1−− charmonium hybrid, we can use the
results of Ref. [19] for the splittings between cc¯ mesons to estimate the masses of other
charmonium hybrids. The other members of the lowest charmonium hybrid multiplet H0
have quantum numbers (0, 1, 2)−+ and their masses are estimated to be 4173±21, 4195±23,
and 4312±24 MeV, respectively. (The errors are statistical uncertainties only. They do not
include the systematic errors associated with the extrapolation to zero lattice spacing or to
the small physical masses of the u and d quarks.) The centers of gravity of the multiplets
H1, H2, and H3 are estimated to be 4361, 4454, and 4495, respectively.
We now turn to the isospin-1 charmonium tetraquark Zc(3900). I propose that Zc is
the analog of a charmonium hybrid with the excitation of the gluon field replaced by an
isospin-1 excitation of the light-quark fields. Recall that the Y (4260) can be interpreted as
a 0−+ cc¯ pair plus a 1+− gluon. I assume that Zc is a 0
−+ cc¯ pair plus a qq¯ with isospin 1
and that the decay Y → Zc pi proceeds through a transition of g into qq¯ by pion emission,
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with the cc¯ pair acting essentially as a spectator. The pion has IG(JP ) = 1−(0−), and
its Goldstone nature requires it to be emitted in a P -wave state. This implies that the
qq¯ in the Zc has I
G = 1+ and JP = 0+, 1+, or 2+. Equivalently, the qq¯ in the neutral
tetraquark Z0c has J
PC = 0+−, 1+−, or 2+−. Given that the lowest-energy gluon excitation
in a quarkonium hybrid is 1+−, it is plausible that the lowest-energy light-quark excitation
in a neutral quarkonium tetraquark is also 1+−. I will assume that this is indeed the case,
so the qq¯ in the Zc is I
G(JP ) = 1+(1+). Since the Zc also contains a 0
−+ cc¯ pair, it must
be 1+(1−). It has negative parity, in contrast to most previous theoretical interpretations
of the Zc, which assumed that its parity is positive [8–15]. The quantum numbers J
P = 1−
allow decays of Zc into DD¯ and D
∗D¯, but decays into these S-wave charm meson pairs
are suppressed for the same reason they are suppressed for charmonium hybrids [22, 23].
Annihilation decays into light hadrons are suppressed by the small wavefunction for cc¯ at
the origin, again like for charmonium hybrids. The dominant decays of Zc should therefore
be hadronic transitions to charmonium. In addition to the discovery decay mode J/ψ pi, the
other such 2-body decay modes are ψ(2S) pi and ηc ρ.
The other three members of the spin-symmetry multiplet T0 of Zc are obtained by re-
placing the 0−+ cc¯ pair by a 1−− cc¯ pair. The ground-state tetraquark multiplet is therefore
T0 = {1
+(1−), 1−(0−, 1−, 2−)}. Assuming the mass splittings relative to the corresponding
charmonium hybrids are the same as the splitting between Zc(3900) and Y (4260), the esti-
mates for the masses of the (0, 1, 2)− states are 3807, 3829, and 3946 MeV, respectively. The
spin-J state can decay into χcJ pi and all three states can decay into J/ψ ρ, ηc pi, and ηc(2S) pi.
The lowest excited isospin-1 charmonium tetraquarks form three spin-symmetry multiplets
analogous to those for charmonium hybrids in Ref. [19]: T1 = {1
−(1+), 1+(0+, 1+, 2+)},
T2 = {1
−(0+), 1+(1+)}, and T3 = {1
−(2+), 1+(1+, 2+, 3+, )}. Their centers of gravity are
estimated to be near 3995, 4088, and 4130 MeV, respectively. It should be possible to cal-
culate the masses of these charmonium tetraquarks using lattice QCD by the methods of
Ref. [19]. Their spectrum is more sensitive to the extrapolation to the physical masses of
the u and d quarks than the spectrum of charmonium hybrids.
We now turn to the isospin-1 bottomonium tetraquarks Zb(10610) and Zb(10650). Their
quantum numbers are IG(JP ) = 1+(1+). Their measured masses are fortuitously close to the
B∗B¯ and B∗B¯∗ thresholds, respectively. Since they have S-wave couplings to these thresh-
olds, their resonant interactions with pairs of bottom mesons transform them into loosely-
6
bound molecules [25]. The Zb(10610) has constituents B
∗B¯ or BB¯∗ and the Zb(10650) has
constituents B∗B¯∗. The decay widths of these loosely-bound molecules are suppressed by
the large mean separation of the constituents, scaling with their small binding energies Eb as
E
1/2
b [25]. The phenomenological description of Zb(10610) and Zb(10650) as loosely-bound
molecules has been fairly successful [26–32].
I propose that Zb(10610) and Zb(10650) both arise from accidental fine tunings of bb¯
tetraquarks to the B∗B¯ and B∗B¯∗ thresholds. If not for the effects of S-wave rescatter-
ing of pairs of bottom mesons, these tetraquarks would be bottomonium hybrids with the
excitation of the gluon field replaced by an isospin-1 excitation of the light-quark fields.
The lowest energy bottomonium hybrids form the spin-symmetry multiplets H0, H1, and
H2 defined above. Bottomonium tetraquarks that differ only by the replacement of a 1
+−
gluon excitation by an isospin-1 1+− light-quark excitation form the multiplets T0, T1, and
T2 defined above. The multiplets T1 and T2 include 1
+(1+) states that can be identified with
the Zb(10610) and Zb(10650). The four isovector multiplets 1
−(1+), 1+(0+), 1+(2+), and
1−(0+) should be nearby in energy, with splittings less than the 46 MeV B∗ − B splitting.
This set of quantum numbers does not coincide with the sets of nearby states predicted
by any of the molecular models of the Zb states [26–32]. The proximity of Zb(10610) and
Zb(10650) to the B
∗B¯ and B∗B¯∗ thresholds is regarded as fortuitous. Such accidental fine
tunings may at first seem very unlikely. However the bottom mesons B and B∗ produce
three pair thresholds with a total splitting of 92 MeV. The two multiplets that include
1+(1+) states contain a total of 6 states. Two of them have S-wave couplings to DD¯, three
of them have S-wave couplings to D∗D¯, and all of them have S-wave couplings to D∗D¯∗,
If both multiplets happen to be in the region of the BB¯, B∗B¯, and B∗B¯∗ thresholds, it is
not so unlikely that two of the 6 states happen to be much closer to a threshold than the
B∗ − B splitting. The remaining 4 states need not be near a threshold to which they have
an S-wave coupling, so they are not expected to have the same molecular character as the
Zb(10610) and Zb(10650).
We can use our identification of Zb(10610) and Zb(10650) as members of excited bot-
tomonium tetraquark multiplets to estimate the masses of the ground-state tetraquark and
hybrid multiplets. The differences between the centers of gravity of the multiplets should be
approximately the same for bottomonium and charmonium, while the spin splittings within
multiplets should be smaller for bottomonium by about a factor of 3. The estimates for the
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center of gravity of the ground-state tetraquark multiplet T0 using the masses of Zb(10610)
and Zb(10650) as inputs are 10457 and 10519 MeV, respectively. The estimates for the center
of gravity of the ground-state hybrid multiplet H0 are 10823 and 10884 MeV, respectively.
A candidate for the 1−− member of this multiplet is the Yb(10888) observed by the Belle
collaboration as a resonance in e+e− annihilation into Υ(nS) pi+pi− that overlaps with the
Υ(5S) [33]. In addition to the observed decays of Υ(5S) and/or Yb(10888) into Zb(10610) pi
and Zb(10650) pi, there should also be a substantial decay mode into Zb pi, where Zb is the
1+(1−) member of the ground-state tetraquark multiplet T0. Using the mass of Yb(10888)
as input, we can estimate the masses for the three other ground-state hybrids in H0 by
dividing the mass splittings for ground-state charmonium hybrids in Ref. [19] by a factor of
3. The resulting estimates for the masses of the 1+(0, 1, 2)+ hybrids are 10858, 10866, and
10905 MeV, respectively.
We have assumed that hadronic transitions between a quarkonium hybrid and the cor-
responding tetraquark proceed by a transition between the excitations of the light-quark
and gluon fields, with the Q and Q¯ behaving as spectators. This implies that the Πu Born-
Oppenheimer potentials for hybrids and tetraquarks are the same, except for an offset that
is approximately equal to the mass splitting betwen Y (4260) and Zc(3900). The pair of
sources for the Q and Q¯ reduce in the limit R→ 0 to a single color-octet source. Because of
the local SU(3) gauge symmetry of QCD, it is only in the limit R→ 0 that the color state of
the QQ¯ pair can be unambiguously identified as color-octet. If we nevertheless interpret the
color state of the QQ¯ pair for R > 0 as color-octet by continuity, a quarkonium tetraquark
can be interpreted as an isospin-1 color-octet qq¯ pair bound to a color-octet QQ¯ pair. A
relatively simple lattice QCD calculation that would shed light on quarkonium hybrids and
tetraquarks would be the spectrum of light-quark and gluon fields in the presence of a static
color-octet source. Only recently have lattice gauge configurations become available with
sufficiently light u and d quarks to answer this question definitively. My expectation is that
the energy of the lowest flavor-singlet state is higher than that of the lowest isospin-1 state
by an amount comparable to the splitting between Y (4260) and Zc(3900).
Before the discovery of Zc, several unconfirmed isospin-1 charmonium tetraquarks were
observed in B meson decays. The Z+(4430) was observed through its decay into ψ(2S) pi+
[36]. Its mass is a couple hundred MeV too high to be assigned to the multiplet T3. The
Z+(4050) and Z+(4250) were observed through their decays into χc1 pi
+ [37]. The mass of
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Z(4050) is close to the estimated center of gravity of the T2 multiplet. The χc1 pi decay mode
is compatible with the 1−(0+) member of that multiplet.
More than a dozen neutral XY Z charmonium states have been observed [35]. Those that
decay into pairs of S-wave states can be excluded as candidates for charmonium hybrids or
tetraquarks. None of the remaining XY Z states are candidates for a neutral isospin-1
tetraquark. The X(4350), which decays into J/ψ φ and γγ and has quantum numbers 0P+
or 2P+ [38], is a good candidate for the 0++ member of the H1 hybrid multiplet. The
X(4140) and Y (4274), which have been observed in J/ψ φ [39], are candidates for the H0
hybrid multiplet. There are several Y states with quantum numbers 1−− that cannot be
accomodated by any of the hybrid or tetraquark multiplets discussed above. They could
be isospin-0 quarkonium tetraquarks related to the isospin-1 tetraquarks by SU(3) flavor
symmetry. The X(3915), which decays into J/ψ ω and γγ and has quantum numbers 0P+
[40], is a good candidate for the 0−+ state of that multiplet. An alternative identification
of X(3915) as the P -wave charmonium state χc0(2P ) is disfavored by its not having been
observed in the decay mode DD¯ [41]. Flavor symmetry suggests that there are also strange
charmonium tetraquarks with energies a couple hundred MeV higher than their nonstrange
counterparts.
In summary, the flavor-exotic mesons Zc and Zb have been identified as quarkonium
tetraquarks related to quarkonium hybrids by replacing the gluon excitation by an isospin-1
light-quark excitation. Lattice QCD calculations of the charmonium spectrum were used
to estimate the masses of the lowest spin-symmetry multiplets of quarkonium hybrids and
tetraquarks. Many of the remaining XY Z mesons fit naturally into one of those hybrid
multiplets or into isospin-0 tetraquark multiplets related to the isospin-1 multiplets by SU(3)
flavor symmetry. A rich spectrum of additional quarkonium hybrids and tetraquarks is
awaiting discovery.
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